SET domain containing (lysine methyltransferase) 7 (SETD7) is implicated in multiple signaling and disease related pathways with a broad diversity of reported substrates. Here, we report the discovery of (R)-PFI-2-a first-in-class, potent (K i app = 0.33 nM), selective, and cellactive inhibitor of the methyltransferase activity of human SETD7-and its 500-fold less active enantiomer, (S)-PFI-2. (R)-PFI-2 exhibits an unusual cofactor-dependent and substrate-competitive inhibitory mechanism by occupying the substrate peptide binding groove of SETD7, including the catalytic lysine-binding channel, and by making direct contact with the donor methyl group of the cofactor, S-adenosylmethionine. Chemoproteomics experiments using a biotinylated derivative of (R)-PFI-2 demonstrated dose-dependent competition for binding to endogenous SETD7 in MCF7 cells pretreated with (R)-PFI-2. In murine embryonic fibroblasts, (R)-PFI-2 treatment phenocopied the effects of Setd7 deficiency on Hippo pathway signaling, via modulation of the transcriptional coactivator Yes-associated protein (YAP) and regulation of YAP target genes. In confluent MCF7 cells, (R)-PFI-2 rapidly altered YAP localization, suggesting continuous and dynamic regulation of YAP by the methyltransferase activity of SETD7. These data establish (R)-PFI-2 and related compounds as a valuable tool-kit for the study of the diverse roles of SETD7 in cells and further validate protein methyltransferases as a druggable target class.
epigenetics | chemical biology | chemical probe P rotein methyltransferases play diverse roles in the epigenetic regulation of gene transcription, silencing, chromatin structure establishment, maintenance, DNA repair, and replication. SET domain containing (lysine methyltransferase) 7 (SETD7) (SET9; SET7/9, KMT7) was one of the first protein lysine methyltransferases to be discovered and was originally characterized as a monomethyltransferase of lysine 4 on histone H3 (H3K4me1) (1, 2) . Subsequently, SETD7 has been shown to have a very broad target specificity in vitro, including transcriptional regulators such as TAF10, p53, ER, p65, STAT3, Rb, Mypt, Tat, and Foxo3 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . SETD7 is also reported to regulate DNA methyltransferase 1 (DNMT1) in a brain-specific manner (14) and functionally interacts with Pdx1 in pancreatic β cells (6) . The diverse nature of its substrates has implicated SETD7 in multiple molecular pathways involved in cancer, metabolism, and inflammation. Despite these diverse substrates and molecular pathways, mice with a genetic deletion of Setd7 have no obvious developmental deficiencies and do not prematurely develop cancer (17, 18) . Thus, the exact functional role of SETD7 in normal or disease biology is still an open question (10) .
SETD7 contains a SET [Su(var)3-9 and Enhancer of ZesteTrithorax] domain that is conserved among many S-adenosylmethionine (SAM)-dependent protein lysine methyltransferases (PKMTs) (19) . SETD7 has robust monomethyltransferase activity
Significance
Protein methyltransferases constitute an emerging but undercharacterized class of therapeutic targets with diverse roles in normal human biology and disease. Small-molecule "chemical probes" can be powerful tools for the functional characterization of such enzymes, and here we report the discovery of (R)-PFI-2-a first-in-class, potent, highly selective, and cell-active inhibitor of the methyltransferase activity of SETD7 [SET domain containing (lysine methyltransferase) 7]-and two related compounds for control and chemoproteomics studies. We used these compounds to characterize the role of SETD7 in signaling, in the Hippo pathway, that controls cell growth and organ size. Our work establishes a chemical biology tool kit for the study of the diverse roles of SETD7 in cells and further validates protein methyltransferases as a druggable target class. on H3K4 N-terminal peptides in vitro, but little or no enzymatic activity when nucleosomal H3 is used as the substrate (1, 2). Furthermore, knockdown or depletion of SETD7 does not affect the global cellular levels of the H3K4me1 mark (17, 18) , raising the question of the physiological context of H3 as a substrate (10) . Increasing evidence supports a role for SETD7 in methylation of diverse nonhistone proteins, especially transcription factors and chromatin regulatory complexes, leading to changes in geneexpression programs, some of which were shown to involve locispecific H3K4 monomethylation (reviewed in ref. 10) . Peptide array studies in vitro have identified a consensus SETD7 substrate sequence found in previously reported SETD7 substrates as well as novel targets (7) . Nevertheless, the functional significance of most of these targets is largely unexplored.
In addition to its broad substrate specificity, SETD7 also has unique features that distinguish it from most other PKMTs. First, SETD7 has neither canonical nuclear localization signals nor nuclear export signals and has been reported to localize in both the cytoplasm and the nucleus (20, 21) . Thus, nuclear localization of SETD7 may be regulated, at least in part, via interaction with other cellular factors. For example, SETD7 is recruited to the promoters of target genes by interacting with transcription factors such as NFκB (20) . Secondly, SETD7 is the only methyltransferase that contains membrane occupation and recognition nexus (MORN) repeats that are found in proteins linking the membrane to the cytoskeleton (22) . This observation suggests a potential cytoplasmic role for SETD7. Given the multitude of methylation and interaction targets and paucity of distinct SETD7-associated phenotypes identified to date, it is likely that SETD7 function may be modulatory, subtle, and highly dependent on the cell type and/or physiological conditions being studied.
Recently, the identification of chemical probes (23, 24) -potent, selective, cell-active small molecules-for protein methyltransferases such as G9a, DOT1L, and EZH2 has greatly enabled the investigation of the functional biology of these enzymes, as well as the exploration of their potential as therapeutic targets (25) . Here, we describe the discovery of (R)-PFI-2, a potent and selective inhibitor of SETD7, and its use in modulation of the Hippo pathway by SETD7 inhibition. Thus, (R)-PFI-2, together with its 500-fold less-active enantiomer (S)-PFI-2 and a biotinylated derivative of (R)-PFI-2, provides a chemical probe tool kit to interrogate the biology of SETD7.
Results
(R)-PFI-2 Is a Potent, Selective Inhibitor of SETD7 Methyltransferase Activity. The discovery of (R)-PFI-2 ( Fig. 1A ) was initiated with a high-throughput screen (HTS) of a 150,000-compound subset of Pfizer's full HTS collection in an in vitro enzymatic assay of recombinant SETD7. After several rounds of structure-guided molecular design, including optimization of cell permeability, the inhibition of SETD7 in vitro catalytic activity was improved >100-fold compared with the initial HTS hit (IC 50 of 2.1 μM), resulting in (R)-PFI-2 (synthesis provided in SI Appendix).
A robust radioactivity-based assay was used to determine kinetic parameters for methyltransferase activity of SETD7 and to characterize inhibitors (Table 1 and SI Appendix, Fig. S1 ). (R)-PFI-2 inhibited the methyltransferase activity of human SETD7 with an IC 50 value of 2.0 ± 0.2 nM whereas its enantiomer, (S)-PFI-2, was 500-fold less active (IC 50 value of 1.0 ± 0.1 μM), making the latter an excellent compound for use as a negative control (24) in chemical biology experiments (Table 1 Table S1 ).
(R)-PFI-2 Binds in the Substrate-Binding Pocket. To better understand the inhibitory mechanism, we solved the X-ray crystal structure of the human SETD7 catalytic domain bound to (R)-PFI-2 at 1.9-Å resolution, revealing that the inhibitor occupies part of the substrate peptide-binding groove of the enzyme extending deep into the lysine-binding active site ( Fig. 2 and SI Appendix, Fig. S2 and Table S2 ). There are several noteworthy features of this interaction. First, an intramolecular pi-stacking interaction between the phenyl group of the inhibitor's tetrahydroisoquinoline core and the trifluoromethylated phenylalanine substructure leads to a compact conformation of the proteinbound inhibitor. Second, (R)-PFI-2 efficiently occupies the portion of the peptide-binding groove that is normally occupied by the target lysine residue and the peptide backbone of the preceding two residues of the substrate peptide ( Fig. 2 A and C-E) . These two residues (-1 and -2 relative to substrate Lys) have been shown to be the most important residues for substrate binding by SETD7 (7), suggesting that (R)-PFI-2 will be effective at inhibiting the wide variety of SETD7 substrates. The pyrrolidine amide occupies the lysine-binding channel and makes direct hydrophobic interactions with the departing methyl group of SAM ( Fig. 2 B and  F) , further preventing productive interaction of SETD7 with lysine substrates. Third, binding of (R)-PFI-2 induces a unique conformation of the post-SET loop (residues 336-349), which normally forms one "wall" of the peptide-binding groove of the enzyme. In previous crystal structures of SETD7, the conformation of this post-SET loop is highly variable and often lacks electron density (Fig. 2D) . However, in the (R)-PFI-2-bound structure, the post-SET loop has an optimized shape complementarity and forms hydrophobic interactions with the trifluoromethyl moiety of (R)-PFI-2 ( Fig. 2 D and E) . Fourth, a network of hydrogen bonds with G336 at the base of the post-SET loop, and with the opposite wall of the substrate binding groove (S268, H252, and D256 in the structurally invariable I-SET subdomain), anchor the ligand within the peptide-binding site.
The importance of these residues for inhibitory activity by (R)-PFI-2 was verified by site-directed mutagenesis (Table 1) . First, H252 contributes an important hydrogen bond to (R)-PFI-2 binding (Fig. 2B ) but does not interact with the H3 peptide substrate (PDB ID code 1O9S) (28) . Mutation of H252 to tryptophan resulted in an enzyme that was as active as the wildtype protein for the H3(1-25) substrate, but for which the inhibitory effect of (R)-PFI-2 was reduced more than 1,000-fold ( Table 1 ), confirming that this interaction makes important contributions to the mode of inhibition by (R)-PFI-2. We also evaluated two mutants of residues that are involved in both (R)-PFI-2 and peptide binding, D256A and V274E (Table 1) . Although these mutants had no significant change in K m values for SAM and peptide, both had much lower activity (k cat values of 7 ± 1 and 3 ± 0.5 h −1 , respectively). These two mutations also displayed a dramatic increase in IC 50 values for (R)-PFI-2, consistent with the mode of binding observed in the crystal structure. These data clearly indicate that (R)-PFI-2 binds within the peptide-binding site with unique interactions that contribute to its high potency, while also interacting with residues that contribute to peptide binding and enzymatic activity. Finally, our structural data also predict that (S)-PFI-2 is unable to form the full set of interactions observed for (R)-PFI-2 ( Fig. 2B) , explaining its reduced inhibitory activity.
(R)-PFI-2 Is a SAM-Dependent Inhibitor. Our structural data indicate that (R)-PFI-2 (i) occupies the peptide binding groove, (ii) induces conformational alterations in the post-SET loop, and (iii) makes direct contact with SAM, suggesting a peptide-competitive mode of inhibition that may also be dependent on SAM binding. Moreover, it is well-known that SAM binding to SET domain methyltransferases has an important role in folding and stabilizing the post-SET loop (19) , and SETD7 has been reported to have an ordered binding mechanism in which SAM first binds the enzyme, followed by peptide binding (29) . Together these observations further hint at a structural interdependence between SAM binding and binding of ligands that occupy the peptide-binding groove formed by the post-SET loop.
To investigate in more detail the binding properties of (R)-PFI-2, we next performed surface plasmon resonance (SPR) experiments, confirming that (R)-PFI-2 binds to SETD7 only in the presence of SAM (Fig. 3A) . Fast on and off rates were observed for SAM binding alone (Fig. 3A , green trace) whereas (R)-PFI-2 alone exhibited no binding to SETD7 (Fig. 3A, red trace) . Inclusion of 20 μM SAM in (R)-PFI-2 binding injections (but no SAM in the flow/wash buffer) resulted in binding and dissociation curves reflecting both SAM and (R)-PFI-2 contributions (Fig. 3A, Fig. S3 ). Taken together, these data are consistent with a significant role for SAM in the binding of (R)-PFI-2 to SETD7, as observed in our crystal structure, and suggest that the enzyme-inhibitory kinetics are likely defined by codependence on both cofactor and substrate concentrations.
Finally, to further investigate the mode of action of (R)-PFI-2, we determined the IC 50 values at varying SAM and peptide concentrations (30) (Fig. 3 B and C) . A decrease in IC 50 values at fixed peptide concentration (5 μM) and increasing SAM concentration indicated an uncompetitive mode of inhibition with respect to SAM (Fig. 3B) , consistent with our SPR data indicating that (R)-PFI-2 binds to SETD7 only in the presence of SAM (Fig. 3A) . At a saturating concentration of SAM (2 μM) and increasing concentration of peptide, (R)-PFI-2 displayed an apparent noncompetitive behavior with respect to peptide. However, the same experiments carried out at SAM concentrations near or below the K m of SAM (0.3 ± 0.1 μM) ( Table 1) resulted in a broadly linear increase in IC 50 values more consistent with a competitive mode of inhibition with respect to peptide. This effect was most pronounced at the lowest SAM concentrations (Fig.  3C) . These data are consistent with our structural observations that (R)-PFI-2 binds to the peptide-binding site but also interacts with the methyl group of SAM. Altogether, our data indicate that inhibition of SETD7 activity by (R)-PFI-2 is unlikely to be purely substrate-competitive in the classical sense; rather, it is complicated by the interaction of (R)-PFI-2 with SAM. Fig. S4B ). Cellular thermal shift assay (CETSA) that measures ligand-induced stabilization of a target protein in cells showed a 4°C increase in the apparent thermal stability of Flag-tagged SETD7 in HEK293 cells at 10 μM (R)-PFI-2, indicating that (R)-PFI-2 passed through the cell membrane and bound to and stabilized SETD7 (SI Appendix, Fig. S4 C and D) . To confirm that (R)-PFI-2 binds to endogenous human SETD7 in cells, we used structure-guided molecular design to generate PFI-766 (Fig. 4A) , a biotinylated variant of (R)-PFI-2 that retains the ability to bind and inhibit SETD7 (IC 50 110 ± 26 nM in our in vitro enzymatic assay). We used PFI-766 (Fig. 4A) immobilized on streptavidin beads to isolate endogenous SETD7 from lysates of MCF7 cells pretreated (for 1 h or 5 h) with increasing doses of (R)-PFI-2 (Fig. 4 B and C) . The amount of SETD7 "pulled down" by the beads was largely competed off by both 1-h and 5-h pretreatment of live cells with 5μM (R)-PFI-2. Because the lysed material in these experiments was diluted by ∼15-fold, we estimate a cellular IC 50 for binding of (R)-PFI-2 to endogenous SETD7 in the submicromolar range (i.e., 15-fold less than in the cell lysate). PFI-766 engagement of endogenous SETD7 was also confirmed by mass spectrometry that supported the high specificity of the compound for endogenous SETD7 (SI Appendix, Table S3 ). Taken together, these results demonstrate direct binding of endogenous SETD7 by (R)-PFI-2 in a cellular environment.
(R)-PFI-2-Dependent Inhibition of SETD7 Affects Yes-Associated Protein Localization and Phenocopies Setd7 Genetic Deletion. We have recently identified a role for SETD7 in Hippo pathway signaling in vitro and in vivo (31) . The Hippo pathway is an evolutionarily conserved regulator of cellular proliferation, survival, and organ size (32) . Activation of the Hippo pathway by cell-cell contact results in the phosphorylation and cytoplasmic retention of the transcriptional coactivator Yes-associated protein (YAP), resulting in decreased expression of YAP target genes such as Areg, Cdc20, Ctgf, Cyr61, and Gli2. In Setd7 −/− murine embryonic fibroblasts (MEFs), cell-cell contact does not lead to YAP sequestration in the cytoplasm, resulting in increased levels of nuclear YAP and heightened expression of YAP target genes. Although direct methylation of Yap by SETD7 was not demonstrated, these effects were dependent on the methyltransferase activity of SETD7, as well as a putative methylation site (K494) of YAP (31), thus supporting a role for SAM is expected to be saturating as the K D of SAM for SETD7 was determined to be 1.1 μM under these conditions. In the absence of SAM, a fivepoint dilution series of (R)-PFI-2 from 7.8 nM to 125 nM exhibited no binding to SETD7 (red). When the (R)-PFI-2 injections included 20 μM SAM, a visually biphasic binding curve was observed, reflecting fast SAM binding with subsequent slower (R)-PFI-2 binding (blue). At the highest (R)-PFI-2 concentration (rightmost blue curve), the dissociation curve was single phase whereas, at lower (R)-PFI-2 concentrations, the dissociation curves were biphasic. Under these latter conditions, SETD7 is essentially saturated with SAM, but the (R)-PFI-2 concentrations were not fully saturating and the protein is a mix of SAM-bound and SAM plus (R)-PFI-2 bound. This situation gives rise to two visibly different off rates, one for SAM alone and one for the combination of SAM plus (R)-PFI-2. A single-cycle kinetics methodology was used. The analysis was done in triplicate using a 1:1 kinetic fitting model and the data were processed separately and values were averaged. a novel methylation-dependent checkpoint in activation of the Hippo pathway. Consistent with a role for the methyltransferase activity of SETD7 in regulating YAP localization, Setd7 +/+ MEFs grown to confluence in the presence of (R)-PFI-2, but not the less-active enantiomer, displayed increased nuclear localization of YAP as measured by immunofluorescence using two distinct antibodies ( Fig. 5A and SI Appendix, Fig. S5 A and B) , as well as increased expression of YAP-dependent genes Ctgf, Gli2, and Cdc20 (Fig. 5B and SI Appendix, Fig. S5C ). Similar to results in Setd7 −/− MEFs, (R)-PFI-2-dependent inhibition of SETD7 activity had no effect on YAP localization at low cell density when Yap is primarily nuclear (Fig. 5A) . (R)-PFI-2 had no effect in Setd7 −/− MEFs, further supporting a SETD7-specific effect ( Fig.   5 A and B and SI Appendix, Fig. S5C ). Furthermore, when we transfected Setd7 −/− MEFs with plasmids expressing either SETD7 or SETD7 H252W , we found that nuclear accumulation of YAP after (R)-PFI-2 treatment was inhibited by the H252W mutation (SI Appendix, Fig. S5D ), consistent with the proposed interactions between (R)-PFI-2 and SETD7. Taken together, these results demonstrate that (R)-PFI-2, through direct interactions with SETD7, modulates YAP localization.
One of the key advantages of a pharmacological agent over genetic methods for studying gene/protein function is the ability to study temporal and dynamic processes in cells (24) . We therefore sought to exploit (R)-PFI-2 to interrogate the mechanistic role of human SETD7 in cells in which the Hippo/YAP pathway was already activated. We treated confluent MCF7 cells with (R)-PFI-2 or (S)-PFI-2 for 2 h and examined the subcellular localization of YAP. Strikingly, treatment of high-density MCF7 cells with (R)-PFI-2 resulted in a dose-dependent increase of nuclear YAP (Fig. 5 C-E) and heightened expression of the YAP target genes AREG and CYR61 (SI Appendix, Fig. S5G ) whereas (S)-PFI-2 had no effect (SI Appendix, Fig. S5 E and F) . These results indicate that YAP localization in confluent MCF7 cells is the net result of a dynamic process that requires constant SETD7 activity. In support of this concept, kinetic analysis showed that inhibition of SETD7 with (R)-PFI-2 led to increased YAP nuclear localization within 30 min of treatment (Fig. 5F ), indicating that the effects of SETD7-dependent methylation can be rapidly reversed in cells through inhibition of the enzyme.
Together, these results demonstrate SETD7-dependent cellular activity for (R)-PFI-2 and indicate that SETD7-dependent methylation is operating in a continuous and dynamic process to control the subcellular localization and function of YAP following activation of the Hippo pathway.
Discussion
Increasing evidence implicates SETD7 as a regulator of nonhistone proteins, especially transcription factors and chromatin regulators, which in turn modulate gene expression patterns within specific signaling pathways. However, identification of distinct, widely replicated phenotypes associated with these SETD7 activities is still lacking. Studies identifying a role for SETD7 in a wide variety of signaling pathways [e.g., NF-κB (8, 16), p53 (5), STAT3 (15) , and ER (13)] have all used knockdown/-out of the entire protein or overexpression in transformed cell lines, which may obscure or exaggerate subtle regulatory mechanisms. Under homeostatic conditions, Setd7 −/− mice fail to support a role in these previously identified pathways (17, 18, 31) . However, it is possible that, under specific conditions of stress or inflammation, a more dramatic role for Setd7 in these pathways may emerge. Thus, SETD7-dependent methylation may yet prove to be an important regulatory mechanism and a novel therapeutic target in diseases associated with these important signaling pathways.
Here, we report a chemical tool kit for the investigation of the molecular and functional role of endogenous SETD7 in cellular signaling and gene expression. (R)-PFI-2 is a potent and selective inhibitor of SETD7's catalytic activity. Its enantiomer, (S)-PFI-2, is 500-fold less active and serves as a structurally similar negative control molecule for comparison. PFI-766 is an analog of (R)-PFI-2 that retains strong binding and inhibition and can be derivatized for chemoproteomics and other cellular studies (23) . We used these reagents to demonstrate the specificity of the cellular response, target engagement in cells, and the pharmacological modulation of SETD7 in Hippo signaling in MEFs and MCF7 cells. Our results indicate that SETD7-dependent regulation of YAP localization is a rapid and dynamic process. Of note, it remains unresolved whether these methylation-dependent events are due to direct methylation of the YAP protein itself, or whether additional substrates are involved. Thus, given the many +/+ or Setd7 −/− mice were grown at low density (LD) or high density potential pathways in which SETD7 has been implicated in human cell signaling (10, 12) , (R)-PFI-2 and related compounds will be valuable tools for the community to better understand SETD7 biology. Finally, our combined structural, biophysical, and enzymatic analyses showed that (R)-PFI-2 has a distinctive cofactor-dependent mode of action, combined with a likely substrate-competitive contribution. As such, (R)-PFI-2 is the third recent example of highly selective inhibitors that bind in the substrate peptidebinding groove of SET domain methyltransferases [in addition to methyltransferase G9a/GLP (33) and SMYD2 inhibitors (34) ], suggesting that targeting the peptide-binding groove may be a general strategy for other human PKMTs, many of which are attractive therapeutic targets (25, 35) .
Materials and Methods
Recombinant human SETD7 (residues 1-366) and SET domain only (residues 109-366) were expressed in Escherichia coli and purified to homogeneity. Methyltransferase activity of SETD7(1-366) was assayed using a scintillation proximity assay monitoring the incorporation of the tritium-labeled methyl group of 3 H-SAM into a peptide substrate corresponding to histone H3 residues 1-25 at 2 μM SAM and 2 μM H3(1-25) and 2 nM enzyme (Fig. 1) .
SETD7(109-366) crystallized with (R)-PFI-2 in 23% PEG 3500, 0.1 M lithium sulfate, and 0.1 M BisTris (pH 6.5). Further details, along with protein purification, enzymatic mechanism of action studies, biophysical binding measurements, and chemistry methods, are described in SI Appendix.
Cellular assays of YAP localization were performed in MEFs at both low and high density, and confluent MCF7 cells were treated with the indicated concentrations of (R)-PFI-2 or (S)-PFI-2. Nuclear YAP was quantified using ImageJ software using two different YAP antibodies. Further details of image analysis and statistics, along with methods for RNA isolation, Western blots of cytosolic and nuclear protein extracts, and RT-PCR, are described in SI Appendix.
